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INTRODUCTION

The 8th Joint Meeting of the U.S.-Japan Natural Resources Panel on Earthquake
Prediction Technology was held in Seattle, Washington and near Landers, California
on November 16-21, 1992. The UJNR program fosters the exchange of scientists,
information, equipment and knowledge between government agencies in Japan and the
United States concerned with problems involving natural resources.

Technical sessions were held in Seattle, Washington, on November 17-18, 1992,
with the scientific theme of the meeting "Great subduction zone earthquakes". The
technical chairman for the meeting was Dr. Craig Weaver (U.S.G.S., Seattle, WA).

A field trip was taken to visit newly recognized paleoseismic sites in Puget
Sound, near Seattle, on November 19, 1992, under the leadership of Dr. Robert
Bucknam (U.S.G.S., Golden, CO), and Dr. Brian Atwater (U.S.G.S., Seattle, WA).
The entire party travelled by ferry across Puget Sound to visit the uplifted beaches on
Restoration Point. Upon returning to Seattle, some members of the party visited the
site of the Seattle Sewage Treatment Plant, where excavations in progress revealed
further paleoseismic evidence. All participants who visited the construction site to
view evidence of tsunami (or seiche?) depoists will long remember the specialized
footwear provided by Dr. Bucknam and Dr. Atwater.

The Japanese delegation continued from Seattle to Ontario, California, on
November 20, 1992, where they were met by Mr. Michael Rymer (U.S.G.S., Menlo
Park, CA) and Dr. Susan Hough (U.S.G.S., Pasadena, CA), who took them to visit the
site of the 1992 M 7.4 Landers, California earthquake. The Landers field trip
concluded on November 21, 1992,
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RESOLUTION OF THE EIGTH JOINT MEETING
U.S.-JAPAN PANEL ON EARTHQUAKE PREDICTION TECHNOLOGY

U.J.N.R.
November 1992

The UJNR Panel on Earthquake Prediction Technology recognizes the critical
improtance of promoting prediction research in both countries. The Eigth Joint Meet-
ing was extremely beneficial in furthering friendship and deepening understanding of
the common problems of both Japan and the U.S.

Technical sessions included presentation of 27 papers, focussing on great subduc-
tion zone earthques in Japan and the U.S., including extensive discussion of national
and agency programs, probabilistic methods of earthquake forecasting, earthquake pre-
cursors, fundamental earthquake studies, crustal structure and the M 7.5 Landers, Cali-
fornia earthquake of 1992.

Discussion was extremely frutiful, and the Panel unanimously adopted the follow-
ing resolutions:
1. One of the most important means of achieveing joint progress is by the long-term
exchange of researchers between our two countries. Since the First Joint Meeting such
exchanges have already achieved extremely valuable results. We recognize the advan-
tages of close coopearation between governmental and academic scientists in earth-
quake prediction research in both the United States and Japan. Each side should
investigate possibilities for widening participation in the Panel. In this respect, the
panel members recognize the importance of joint activities in the form of symposia,
and support the proposal of cooperative programs on earthquake prediction research
under the U.J.S.T. agreement. Efforts should also be made to cooperate on instrumen-
tal development, observations, data interpretation, and earthquake prediction experi-
ence, collocation between laser ranging, GPS and VLBI techniques, development of
transportable VLBI and SLR systems, research on active faults, and laboratory rock
mechanics.

2. We strongly agree that exchanges of data and analysis methods are mutually
beneficial, and strongly encourage these activities. In particular, the Panel empahasizes
the importance of sharing experience and exchanging data in the areas of geodetic
measurements, crustal deformation and monitoring, precursory phenomena, modelling
techniques, and automatic processing of both seismic and crustal deformation data.

3. Advances in the archiving and retrieval of seismic waveform data has created a
new envornment for collaborative research. The panel endorses and encourages
cooperation in the analysis of these data, and recognizes the potential for exchange of
these data through computer network connections between our two countries.

4. Cooperation in the application of space techniques to prediction research is already
in progress and should continue. Information on the precision geodetic measurements
and GPS measurements for the detection of crustal deformation should be exchanged.
Coopearative experiments using U.S. and Japanese laser ranging and VLBI facilities
should be continued.

5. The next joint meeting will be held in Japan in the autumn of 1994,



Opening Remarks
by
William L. Ellsworth

On behalf of Dr. Robert Wesson, U.S. Chairman, and the other U.S. members of
the U.S.-Japan Conference on Natural Resources, I would like to welcome everyone to
the 8th meeting of the Panel on Earthquake Prediction Technology. I want to extend
an especially warm welcome to our guests from Japan, and wish you all a plesant stay
in the Emerald City of Seattle.

Over the past 14 years, the work of this UINR Panel, through its joint meetings,
and scientist-to-scientist exchanges, has done much to improve our common
understanding of earthquakes, advance the technology we use to study them, and
perhaps most importantly, put this technology into practical use for the benefit of both
of our societies. During our meeting these next two days, we can look forward to
learning about many exciting, new results from both sides of the Pacific.

One important result that you will hear about has been a major change in our
perception of earthquake hazards in Seattle, and more generally, the Pacific Northwest
of the United States. Many of the scientists responsible for advancing and refining this
understanding are in attendance. I am sure that they look forward to sharing their
ideas with you, and will welcome your comments and questions.

Opening Remarks
by
Yamato Miyazaki

It is our honor and pleasure to be able to visit the United States and this most
beautiful city of Seattle to participate in the 8th Joint Meeting of UJNR, the United
States-Japan Conference on Developement and Utilization of Natural Resources Panel
on Earthquake Prediction Technology.

To our pleasure this conference also gives us an opportunity to meet old friends
again and make new friends.

Prediction of earthquakes, compared to other fields of science, is no easy task.
Nowdays with rapid economic and urban development, the demand for prediction
technology is increasingly urgent. I believe the exchange of information and opinions
through the Technical Sessions will greatly help to minimize damage caused by
earthquakes not only for us but also for the whole world.

Taking this opportunity I would like to express our deepest gratitude to Dr.
Robert Wesson and all the staff members for organizing and inviting us to this most
meaningful conference. Also please accept our special appreciation to Dr. William L.
Ellsworth and Dr. Craig Weaver for their dedicated efforts. Here may I introduce the
participants from Japan. Professor Kiyoo Mogi, Special Guest for today. As you may
well know, Professor Mogi is leading the Coordinating Committee for Earthquake
Prediction and the Panel on Earthquake and Volcano of Geodetic Council.
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Activities of the Coordinating Committee
for Earthquake Prediction

Yamato MIYAZAKI, Yoshitake EGAWA
Geographical Survey Institute
Tsukuba, Ibaraki,305, Japan

1. Introduction

23 vyears have passed since the CCEP(Coordinating Committee
for Earthquake Prediction) was established. The purpose of the
CCEP is realization of earthquake prediction. The CCEP has been
playing an important role in promoting cooperation and informa-
tion exchange among scholars in related fields both from univer-
sities and governmental organizations. In May 1992, the 100th
regular meeting of the CCEP was held.

in this report, first the organization of the CCEP is intro-
duced, secondary its achievements are shown, and finally its role
in the earthquake prediction system in Japan is explained.

2. The Organization of the SCEP

The CCEP is composed from about 30 researchers concerning
earthquake prediction in various areas, i.e. seismology, geology,
geodesy, oceanology, geochemistry, etc. from universities or gov-
ernmental organizations. The Geographical Survey institute, the
secretariat of the CCEP, commissions the members of the CCEP and
makes an announcement concerning important matters discussed in
the CCEP. Organizations from which the CCEP members come are as
follows(Table 1).

Geographical Survey Institute (Secretariat)
National Research Institute for Earth Science and Disaster
Prevent

Meteorological Agency

Hydrographic Department, Maritime Safety Agency
Geological Survey of Japan

National Astronomical Observatory

Hokkaido University

Tohoku University

University of Tokyo

Nagoya University

Kyoto University

Kyushu University

Nihon University

TABLE 1 Composition of the CCEP

The chairman of the CCEP is elected among the members.
Professor K. Mogi of Nihon University, originated from the head
of the Earthquake Institute of Tokyo University, is the Chairman
of the CCEP now. The regular meeting is generally held 4 times a
year. Besides the regular meeting, the subcommittee for the
Intensified Observation Areas and the Specific Observation Areas
are held, as occasion demands.



The results of observations and researches by the organiza-
tions of the CCEP members are exchanged and discussed in the
meeting. The most apparent difference between academic societies
and the CCEP is that it is acceptable to report only observation
data in the CCEP without any theoretical explanations. Data
exchange would be important to study empiric and synthetic
science like earthquake prediction. In Japan, especially in the
CCEP, not only theoretical studies but also results of observa-
tion are valued highly, which is one of the reasons why the CCEP
works well. It is another reason that contributions to the CCEP
by researchers are appreciated in academic societies.

The matters presented in the meeting are also open to the
researchers other than the members of the CCEP through the publi-
cation of the bulletins. The bulletins which have been generally
published twice a year are widely used and often referred in
seismological papers as fundamental materials. The important
matters of each meeting are also notified to the public through
the explanations to journalists and local government officials
concerned after the meeting.

3. The Achievements of the CCEP

The activities of the CCEP has been steadily increasing
since it was established. So far 48 regular bulletins were pub-
lished, the total amount pages of which exceeds 13,000, besides 4
special bulletins about the Intensified Observation Areas and the
Specific Observation Areas(Fig. 1). The government budget con-
cerning earthauake prediction in 1991 fiscal year increased about
13 times more than that in 1969 when the CCEP vwas
established(Fig. 2). It will be seen that the government has been
constantly and steadily investing in the enterprise of earthquake
prediction.

Several important matters concerning earthquake prediction
have been discussed in the CCEP. The selection of the Intensi-
fied Observation Areas and the Specific Observation Areas has
been useful from the point of view of efficiency and concentra-
tion of observations. In addition, the areas are used by the
administrative organizations, for instance, to make up a counter-
measure for preventing disasters(Fig. 3).

Peoprle recognize that the information of the CCEP is highly
reliable. It will be because the CCEP has been showing many
achievements, some examples of which are as follows.

(Example 1)

In 1969, it was made clear in the CCEP that there exists
seismic gap off the Nemuro Peninsula(Fig. 4). Nemuro-hanto-oki
earthquake(M7.4) occurred in the indicated area in 1973.

(Example 2)

In 1974, the CCEP decided to upgrade the Tokai district from
the Specific Observation Area to the Intensified Observation
Area, because of the results of the geodetic observations and the
discovery of new evidence concerning the "Tokai earthquake”. It
made an important effect on the promulgation of the Large-Scale
Earthquake Countermeasures Act in 1978.

(Example 3)

In 1974, it became clear that there is the upheaval of the

ground around Kawasaki city, because of the results of releveling



made by the Geographical Survey Institute. The CCEP made an an-
nouncement that the upheaval around Kawaski city will not have no
relation to big earthaquakes.

(Example 4)

In 1989 July, there were a series of swarm earthauake activ-
ities in the east of lzu Peninsula, near lto city. The Intensi-
fied Observation Area subcommittee was held on July 5 and 13.
After the meeting of July 13, the comment was announced that
these earthquakes are owing to the magmatic activities. About one
hour after the announcement, the eruption in the sea off lto City
occurred.

(Example 5)

Though the number of big earthquakes after the establishment
of the CCEP is less than the previous period, almost all big
earthquakes including Nihonkai-chubu Earthquake, M7.7, happened
in the Intensified Observation Areas or the Specific Observation
Areas which covers about 20% areas of Japan. It is possible to
say that the long-term earthquake prediction by the CCEP has been
successful.

4. The Role of the CCEP in Earthauake Prediction System in Japan

Fig. 5 shows the earthquake prediction system in Japan.

The Geodesy Council which was settled in 1949 has been
recommending to the Prime Minister and other Ministers concerned
the 5-year plan for earthaquake prediction. The first 5-year plan
was made in 1963, after "Prediction of Earthquakes - Progress to
Date and Plans for Further Development” or so-called the "blue
print” was drafted by the seismologists and earthquake predic-
tion researchers in 1962. Because the necessity of the coordinat-
ing organization for earthquake prediction was recommended in the
second 5-year plan in 1968, -the CCEP was settled in 1969. The
present 6th 5-year plan has been running from 1988.

The Headquarters for Earthquake Prediction Promotion(HEPP),
which was settled in 1976, is an interdepartmental conference for
controlling and arranging earthauake prediction research between
government organizations concerned under the b5-year plan reconm-
mended by the Geodesy Council. The head of HEPP is the Minister
of Science and Technology Agency and the members are the perma-
nent secretaries of concerning Ministries.

On June 15, 1978, the Large-Scale Earthquake Countermeasures
Act was promulgated. This Act, which is intended to protect the
life and property of the citizens against disaster due to large
scale earthquakes, was formulated on the assumption that it is
possible to predict large-scale (M8 class) earthquakes in the
Areas under Intensified Measures against Earthquake Disaster.
Presently only Tokai area, where Magnitude 8 class earthauake, so
called "Tokai earthquake” is predicted to occur in near future,
is applied to the Act. For this purpose, many data of several
government organizations concerning "Tokai earthauake” are gath-
ered to the Japan Meteorological Agency(JMA). The Earthauake
Assessment Committee for the Areas Under Intensified Measures
Against Earthquake Disaster, the secretary of which is JNA, was
established in 1980 to assess the "Tokai earthauake”. The promul-



gation of the Act is owing to the discussion in the CCEP, as
stated previously.

In the earthquake prediction system in Japan, The CCEP plays
a role of practical "headquarters” because all information neces-
sary for earthaquake prediction are gathered, exchanged, and
discussed freely in the CCEP research and assessed from the aca-
demic point of view. Though the CCEP is operated by the govern-
ment budget, it is administratively independent from government
organizations.

5. Closing Remarks

Recently the circumstance around earthquake prediction in
Japan seems to be slightly changing. The doubts about effective-
ness and probability of earthquake prediction and the criticism
on the earthquake prediction system are sometimes seen in the
articles of newspapers and magazines.

Though it becomes clear that the earthauake prediction is
not so easy as thought when the CCEP started, many scientific
facts have been made clear by the CCEP. The CCEP is expected to
make progress towards the successful earthquake prediction in
Japan and will increase its activities.



1843 Tottori Earthaquake M7.2
1944 Tonankai Earthquake M7.9
1946 Nankai Earthquake M8.0
1948 Fukui Earthaquake M7.1
1952 Tokachi-oki Earthquake M8.2
1953 Boso-oki Earthquake M7.4
1960 Sanriku-oki Earthquake M7.2
1961 Hyuga-nada Earthquake MT7.0
1961 Kushiro-oki Earthquake M7.2
1961 Kita-Mino Earthquake M7.0
1862 Hiroo-oki Earthaquake M7.0
1964 Niigata Earthquake M7.5
1868 Hyuga-nada Earthauake M7.5
1968 Tokachi-oki Earthquake M7.9

1969 ESTABLISHMENT OF THE COORDINATING COMMITTEE
FOR EARTHQUAKE PREDICTION

1970 The CCEP selected 1 Intensified Observation Area and 8
Specific Observation Areas

1872 Hachijo-jima-kinkai Earthquake M7 .1

1972 Hachijo-jima-toho-oki Earthquake M7.2

1973 Nemuro-hanto-oki Earthquake M7.4
The CCEP announced an unified view on Nemuro-hanto-oki
Earthquake

1878 1zu-Oshima-kinkai Earthquake M7.0
1978 Mivagi-ken-oki Earthauake M7.4
1978 Large-Scale Earthquake Countermeasures Act was

promulgated.
1978 The GCCEP revised 2 Intensified Observation Areas and
8 Specific Observation Areas

1982 Urakawa-oki Earthguake M7.1
1983 Nihonkai-chubu Earthquake M7.7
1984 Hyuga-nada Earthquake M7.1

TABLE 2 Main earthquakes in last 50 years in Japan
and topics concerning the CCEP
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Comparison of Paleoseismic Geology of Subduction Zone Earthquakes
in Alaska and Cascadia.

Gary A. Carver, Department of Geology,
Humboldt State University, Arcata, California 95521

Late Holocene geology along the Cascadia and eastern Aleutian-Alaskan subduc-
tion zones show many similarities which support the hypothesis that the Cascadia Sub-
duction zone generates great subduction earthquakes. Coastal stratigraphy and geomor-
phology along both subduction zones include evidence of sudden changes in sea level
which are interpreted to be coseismic, and gradual sea level changes attributed to inter-
seismic deformation. In Alaska, coastal geology reflecting the 1964 earthquake pro-
vides a basis for comparison and calibration of the paleoseismic record.

Coastal stratigraphy in the fore-arc region that underwent coseismic subsidence in
1964, including Cook Inlet, most of the Kodiak Archipelago, and the Shelikof Straits
contains evidence of repeated episodes of sudden submergence in the late Holocene.
Alternating peat and mud sequences in bay and estuarine environments provides the
best archive for this record. Although Prince William Sound and the northeast coast of
Kodiak Island experienced coseismic uplift in 1964, late Holocene coastal geology
reflects net submergence. Coastal geology of the eastern end of the subduction zone,
the Yakataga segment, which did not rupture in 1964, includes flights of raised late
Holocene terraces and broad intertidal wave-cut platforms which reflect both coseismic
uplift and net emergence.

The late Holocene stratigraphy of salt marshes and tidal wetlands along the
Washington and Oregon coast is similar to the stratigraphy in the Cook Inlet and
Kodiak-Shelikof Straits region of Alaska and includes repeated submerged sequences
of intertidal mud overlying salt marsh peats and forested wetland soils. Late Holocene
coastal geology along the southern part of the Cascadia zone resembles the eastern
Prince William sound and Yakataga segments of the Aleutian-Alaskan subduction
zone. In northern California the late Holocene coastal geology shows strong influences
of the coseismic growth of folds and thrusts in the accretionary margin. Raised late
Holocene terraces and broad intertidal wave-cut platforms characterize this part of the
coast except in the cores of several large synclines where submerged sequences of
marine mud and wetland peats indicate coseismic subsidence and net submergence.
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Some features of large shallow earthquakes along subduction zones

and the recent crustal activities in the Tokai (Japan) region

Kiyoo Mogi

College of Industrial Technology, Nihon University

First, some features of large shallow earthquakes along
subduction zones in the Pacific region are discussed. Data are
mainly taken from Abe (1981).

Fig. 2 shows the space-time distributions of large shallow
earthquakes of M 7.5 and larger in the northern part (A) and the
southwestern part (B) of the circum-Pacific seismic belt which is
shown in Fig. 1. Virtical axes indicate the distances measured from
Vancouver and New Zealand along the seismic belts in (A) and (B),
respectively. Horizontal axes indicate time. Alternation of active
and quiet periods of these seismic belts is noticed, and changes in
the seismic activity in the two regions complement each other.

The seismic belt in the northern Pacific region which is one of
the most active subduction zone is discussed in more detail (Mogi,
1984). The top figure of Fig. 3 shows the M-T graph of great
shallow earthquakes of Mw 8 and larger in this seismic belt. The
bottom figure shows the distribution of focal regions of these great
earthquakes. The period between 1950 and 1970 was a very active
period.

Fig. 4 is another expression of the space-time distribution of

these large shallow earthquakes. The distribution of focal regions

24



of these earthquakes along the seismic belt in 10-year intervals
starting in 1920. It is very clear that the period between 1950 and
1970 was an active period.

These earthquakes in this active period can be devided into 4
groups that occurred near each other in time, as shown in Fig. 5.
Fig. 6 shows the locations of earthquakes in these 4 groups. The
numerals indicate the time of the occurrence of these earthquakes.
It seems that each great earthquake led to the occurrence of another
earthquake along the same plate boundary. This very long plate
boundary from Alaska to northern Honshu was almost completely
covered in a relatively short time. It may be probable that this
caused a change in motive forve driving the plate motion. If there
are such rhythmical changes in the plate motion, it might become
possible to observe them using space technology in future (Mogi,
1984).

According to previous studies, a large shallow earthquake is
sometimes preceded by a seismic quiescence. Fig. 7 shows the case
of the 1973 Nemuro-hanto-oki earthquake of M 7.4 (Mw 7.8) as a
typical example (Mogi, 1990). The focal region was noticeably quiet
during the 12.5 years prior to the large earthquake.

There has been a great deal of debate concerning the mechanism
of the seismic quiescence that precedes a. large shallow earthquake.
Fig. 8 gives what could be an important hint regarding this problem.

In this figure, large shallow earthquakes of M 7.0 and larger along
the subduction zone in the west coast of Central and South America

(Mogi, 1986). The vertical axis is the distance measured from the
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southern end of South America along the seismic belt shown in the
left figure. The horizontal axis is time. It is noticed that the
1960 Chilean earthquake was preceded by 10 years of quiescence in a
very large region extending 6,000km southward from Peru. Although
the Chilean earthquake is the greatest earthquake this century, the
length of the rupture zone is only 1,000km. This observed result
suggests that the region where the 1960 Chilean earthquake occurred
acted as a giant asperity, blocking the eastward movement of the
oceanic plate. This result supports the explanation that seismic
quiescence preceding an earthquake is due to the formation of a
large asperities.

Fig. 9 shows the age of the ocean floor according to the Pitnam
et.al.(1974). It can be seen that the seismic quiescent region
before the Chilean earthquake forms a single block. This may
support the above-mentioned explanation from the viewpoint of the
asperity model.

The next topic is the recent crustal activities in the Tokai
region. Along the Nankai-Suruga Trough, large low angle thrust type
earthquakes have occurred repeatedly at regular intervals of 100 to
150 years (Ando, 1975). These earthquakes are caused by the
subduction of the Philippine Sea plate beneath the Eurasian plate.
In both the 1707 and 1854 earthguakes, the fupture zones extended
over the whole region from the Nankai Trough to the Suruga Trough.
In this century, however, the 1944 Tonankai and 1946 Nankaido
earthquakes occurred along the Nankai Trough, but the Tokai region

along the Suruga Trough remains unruptured (Ishibashi, 1976).
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Therefore the Tokai region may be a seismic gap of the first kind,
and may have a high potential as the site of the next large
earthquake. However, since there are no records of a large shallow
earthquake having occurred independently in this region, we must
consider that there are problems in making this simple inference.

In this paper some recent changes in seismin activity and
crustal deformation are discussed. Sometimes, before a major
earthquake occurs, the focal region of the coming earthquake becomes
guiet and simultaneously, the wide-ranging area surrounding this
region tends to become active.

Fig. 10 shows epicentral distribution of shallow earthquakes of
M 4.2 and larger for successive two periods (1950-1972) and
(1973-1992). Data are taken from JMA reports. There was some
activity before 1972 along the Suruga Trough and the Nankai Trough,
but no earthquakes have occurred recently. This quiescence is
continuing.

On the other hand, many moderate and large earthquakes have
occurred in the surrounding area in the recent years. Fig. 11 shows
the epicentral distribution of M 5.5 and larger in the same
successive periods. A number of recent large earthquakes have
occurred in the area surrounding the focal region of the anticipated
Tokai earthquake. The top figure of Fig. 12 shows the M-T graph of
earthquakes of M 5.5 and larger in the region shown in the left
figure (A), and the bottom figure shows the space-time distribution
of these earthquakes. These figures also show that the seismic

activity in the surrounding region has increased in recent years.
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Fig. 13 shows vertical movement of Omaezaki in relation to
Kakegawa observed by leveling surveys by GSI (1991). Curve (d) is
the original curve and Curve (B) is the corrected curve in which a
seasonal variation was eliminated. The subsidence of the western
coast of the Suruga Bay is steadily continuing. Fig. 14'is a
summary of vertical movements of the western coast of the Suruga Bay
including Omaezaki obtained by leveling surveys and tidal
observations. It is noted that the rate of subsidence somewhat
increased around 1974. Particularly, changes in the rate of
subsidence and in seismicity pattern occurred simultaneously around
1974 and the state is continuing. Future changes of seismic
activity and the crustal deformation in this area demand close
attension. (Very recently the rate of subsidence seems to be
decreasing.)

The possibility of earthquake prediction depends on whether
short-term precursory phenomena are observed before the earthquake.
Since precursory phenomena normally have a marked regional
character, the type of phenomena that preceded the Tokai earthquake
of 1854 may be expected before the next one. Unfortunately, there
are no reliable data available from 1854. However, the 1944
Tonankai and the 1946 Nankaido earthquakes occurred adjacent to the
Tokai region. They should provide valuable information. As shown
in Fig.15, in both of these earthquakes, the trough side began to
uplift a day or two before they occurred (Sato, 1977; Mogi,
1984/1985). Fig. 16 shows that marked anomalies were also observed

in the wells and hot springs along the coast before the Nankaido
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earthquake (Komukai, 1948). These changes began to occur one day -
one week before the earthquake. If similar phenomena occur before

the next Tokai earthquake, the changes may be sufficiently recorded
by the present network.

Fig. 17 shows the distribution of observation stations for
full-time monitoring of precursory phenomena of earthquakes in the
Tokai region. As an example of results observed by this monitoring
system, Fig.18 shows epicentral locations of shallow earthqguakes in

the recent three years in and around the Tokai region (JMA, 1992).
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Fig. 2 Space-time distributions of large shallow earthquakes in the
northern part (A) and southwestern part (B) of the circum Pacific
seismic belt. Vertical axes indicate the distances measured from
Vancouver and New Zealand in (A) and (B) respectively. Alternation
of active and quiet periods of these seismic belts is noticed.
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Fig. 7 Top: epicentral distributions of shallow earthquakes of M 5
and larger before the 1973 Nemuro-hanto-oki (Japan) earthquake
(M 7.4, Mw 7.8). Bottom: the main shock and aftershocks over a
2-days period after the Nemuro-hanto-oki earthquake of June 17, 1973.

34









1850-1972

l973'|992|0 ‘b 'y ...I..o!‘. ' ': .o‘

137° 1390

Fig. 10 Epicentral distributions of shallow earthquakes (Tess
than 60km deep) of M 4.2 and larger that occurred in the Tokai
region and the surrounding area for successive two periods
(1950-1972) and (1973-1992,0 ). The region along the Suruga-Nankai
Trough is quiet in recent years. Data are taken from JMA reports.
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Fig. 14 Vertical movements of the western coast of the Suruga Bay including Omaezaki

obtained by leveling surveys and tide level observations. (GSI, 1991; Kato and
Tsumura, 1979). It is noted that the rate of subsidence increased around 1974.
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Fig. 15 Temporal variations of crustal deformation before the 1944
Tonankai earthquake (A) and the 1946 Nankaido earthquake (B) along
the Nankai Trough. From Sato (1977); Mogi (1984/1985). Locations
of Kakegawa and Tosashimizu are shown in Fig. 14 and 16, respectively.
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Kagan and Jackson [K&J, 1991] recently published statistical tests of the seismic
gap hypothesis, as presented by Kelleher, Sykes, and Oliver [KSO, 1973] and McCann,
Nishenko, Sykes, and Krause [MNSK, 1979], stating that "the hypothesis of increased
earthquake potential after a long quiet period can be rejected with a large confidence."
Based on these test results, K&J concluded that the seismic gap hypothesis is invalid and
propose a clustering model of earthquake occurrence as a replacement. If valid, this
conclusion would have major implications for ongoing evaluations of seismic hazards,
long-term earthquake prediction, and the physical basis for strain buildup and release in
large earthquakes. In addition, this conclusion could dramatically change the rational
for assigning priority to the study of certain faults and fault segments in populated areas
as part of the U.S. National Earthquake Hazards Reduction Program and the
International Decade of Natural Disaster Reduction. Given the societal and scientific
importance of this issue, we feel that a closer examination and discussion of K&J's
presentation is essential.

Upon examination we find that half of the earthquakes that K&J use to test the
seismic gap hypothesis do not correspond to the selection criteria of MNSK. We
conclude that K&J are evaluating a very different hypothesis than was originally
presented by KSO and MNSK. In fact, K&J appear to be testing the hypothesis that the
temporal duration of a gap can be used to anticipate any earthquake with M27. In
contrast, the forecasts in KSO and MNSK were for a specific set of earthquakes that
fulfilled certain criteria as to mechanism, type of plate boundary, and range of
magnitudes. Our examination of a revised catalog indicates that elapsed time alone is not
a powerful criteria for characterizing seismic potential in a system characterized by an
order of magnitude or larger variation in recurrence time. Given the relatively small
number of eligible events that have occurred during the interval 1973-1992, the
hypothesis test does not yet have the power to adequately discriminate between
alternative models at a high level of confidence.

Seismic Gaps, Seismic Potential, and Long-Term Probabilistic
Earthquake Forecasts - A Historic Perspective

Since its introduction in 1965 by Fedotov, the seismic gap hypothesis has evolved
as knowledge about earthquake history, pre-historic earthquakes, and the earthquake
process has increased. Since there often is a tendency to confuse current concepts and
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hypotheses with those of older studies, we review some of the salient points of the
development of the seismic gap, seismic potential, and long-term probabilistic concepts.

‘The seismic gap hypothesis represents a simple application of the concept of a
seismic cycle along a plate boundary - a period of steady-state loading and strain
accumulation on a fault segment terminated by a sudden relaxation during an
earthquake. As formulated in the 1960's and 70's, the seismic gap model is most closely
aligned with Gilbert's [1909] idea of alternation - “when a large amount of stored
energy has been discharged in the production of a great earthquake....it would seem
...that the next event is more likely to occur at some other place” and not rhythmic
recurrence as K&J have indicated in their introduction. Both Fedotov [1965] and Mogi
[1969] mapped the rupture zones of earthquakes with surface wave magnitudes (Mjs)
larger than 7.7 in the northwest Pacific using aftershocks, geodetic and tsunami data.
They observed that aftershock zones of those events abutted and tended to fill in gaps
where earthquakes of that type had not occurred for at least 30 to 100 years. Sykes
[1971] showed how the theory of plate tectonics would favor seismic gaps as the most
likely places for future large earthquakes along simple, well defined plate boundaries.
He delineated three gaps with dimensions of greater than about 150 to 200 km for the
Alaska-Aleutian subduction zone and the Fairweather transform fault. KSO built on
these foundations and created a set of initial and supplemental criteria to define regions
of special seismic potential. They recognized that certain seismic zones are probably
permanently aseismic in terms of the occurrence of large earthquakes. Their initial
criteria for the remaining areas, which they referred to as regions of special seismic
potential, required that the segment in question be either a strike slip or thrust-type
plate boundary that has not had a large or great earthquake in more than 30 years. The
30 year threshold was based on the shortest recurrence times observed in the circum-
Pacific region at that time. The supplemental criteria took into account information
about the historic record, whether the zone was near the end of a recurrence interval,
or whether the zone was next in an apparent progression of earthquake activity along
the plate boundary. The supplemental criteria also recognized that in regions with no
record of large earthquakes, relative plate motion could be accommodated by either
aseismic slip or small to moderate sized earthquakes.

KSO explicitly state (p. 2550) that each of the previous papers that they cited "is
restricted almost entirely to the largest class of earthquakes that occurred along the
plate boundary under consideration." KSO used figures from some of those studies
(e.g. Sykes [1971]) with attribution in their regional maps. They also noted regions
where the largest known historic earthquakes were typically great (Mg > 7.7) events

48



(e.g., Kuriles, Alaska, South America) and other regions where the largest events to
occur were usually major (7.0 € Mg < 7.7) earthquakes (e.g. Mexico and Central
America). They used the term large earthquake to encompass both major and great
earthquakes.

MNSK expanded upon the seismic potential concept by defining categories based
on the amount of time elapsed (Telapsed) since the last major or great event in any
region, Telapsed<30, 30<Telapsed<100, and Telapsed2100 years (green, orange, and red
colors on their Fig. 1), as well as recognizing three other types of regions with more
equivocal hazard states. Both the 30 and 100 year cutoffs were arbitrarily chosen since
the uncertainty in knowledge of recurrence periods was large at that time (p. 1086).
They also recognized (p. 1086-1089) that since repeat times were poorly known for
many areas around the circum-Pacific, some areas with relatively short repeat times
(i.e. orange zones) would likely be more active during a given period of time than areas
with long repeat times (i.e. red zones), which could be inactive for many more years to
come. Nishenko and McCann [1981], in fact, noted that more large to great earthquakes
had occurred in orange than in red zones in the interval 1978 to 1981. Inspection of
Table 1 and the Note added in Proof in MNSK shows that for the 12 events in the
interval 1968 to 1980, there were four times as many earthquakes in orange as in red
areas. Most of the red areas, in fact, had ruptured previously in very great earthquakes,
those of surface wave magnitude Mg, or moment magnitude Mw > 8.5, which we took

then, as we do now, to be characterized by relatively long repeat times.

These observations and the publication of earthquake histories and more reliable
repeat time estimates for areas in the circum-Pacific lead to the development in the
1980's of forecast models that explicitly included both recurrence, Tave, and elapsed,
Telapsed, time information for individual fault segments, as well as estimates of
magnitudes of events for those segments, information that we were well aware prior to
1981 represented serious shortcomings of the gap concept . Hence, concepts about
earthquake recurrence and time-varying probabilistic assessment [see Lindh, 1983;
Sykes and Nishenko, 1984; Nishenko, 1985], whether the recurrence of these large
earthquakes is rhythmic (Gilbert, 1909), strictly periodic or quasi-periodic, time-
predictable or slip-predictable were only addressed and applied to the seismic gap
hypothesis within the last decade, following the publication of MNSK and Nishenko and
McCann [1981]. Of those concepts, few if any seismologists or Quaternary geologists
who study active faults think large earthquakes at a given place are strictly periodic.
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The Seismic Gap Hypothesis

Clearly, if one wishes to test a particular realization or application of a
hypothesis, it is necessary to adhere to the criteria developed at the time of publication
of the hypothesis. The following sections we examine the hypothesis that is being
tested by K&J, the data used for that test, and the inferences that can be drawn from
those test results.

Elapsed Time Criteria
For the most part, K&J are testing the hypothesis that elapsed times of 30 and 100
years are good discriminants for ranking seismic potential. In other words, does the

temporal duration of a gap have any value in anticipating a future event in that region?
K&J state (p. 21425) this hypothesis (H;) in terms of probability, P, as

Pred > POrange > PGreen (eqn. 1)

Where red, orange, and green refer to the three categories of potential based on the 30
and 100 year elapsed times (i.e., red:Telapsed2100 years, orange: 30<Tejapsed<100
years, and green: Telapsed<30 years) . This hypothesis can also be written as

P(E | Telapsed>100) > P(E | 30<Telapsed<100) > P(E | Telapsed<30) (eqn. 2)

or the probability for an earthquake (E) is conditional on the amount of time elapsed,
Telapsed. since the last earthquake in a particular gap The null hypothesis (Ho) is that
all 3 categories have the same likelihood or probability (i.e., PReda=POrange=PGreen)-

Earthquakes Chosen For Analysis

In addition to the elapsed-time component discussed above, the seismic gap
hypothesis of MNSK specifically addresses the types of earthquakes to be considered (p.
1086-87). These criteria identify shallow(<40 km), large (M>7) earthquakes along
simple plate boundaries (convergent or transform). The catalog of 56 events of Mg or
Mw 2 7.0 from January 1973 to April 1988 that K&J have presented for testing (their
Table 1) contains a number of events that were explicitly excluded by MNSK in their
list of 12 assumptions and limitations. Data selection based on hypocentral or focal
mechanism information does not negate the the worth of the seismic gap hypothesis, as
K&J have stated (p. 21422), but rather serves to identify exactly what earthquakes
should be included in the hypothesis test. Neither KSO or MNSK proposed a generic
model for earthquake occurrence. By appealing to objectivity, K&J have allowed all
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earthquakes with M27 to be considered in their hypothesis test. This has significantly
changed the hypothesis to be tested from one that addresses a specific set of interplate
earthquakes to one that addresses all earthquakes above a certain magnitude threshold,
regardless of location and mechanism.

Location Criteria

In the name of objectivity, K&J have also introduced a considerable amount of
noise into their test by using only the largest-scale (about 1:70,000,000) summary map
in MNSK without verifying their assessments of location and seismic potential using the
numerous regional maps in MNSK. This noise only affects K&J's portrayal or
application of the gap hypothesis, and not the actual hypothesis itself. K&J attempt to
use that map and two similar ones by KSO to locate earthquake rupture zones for events
as small as magnitude 7.0 with respect to the designated classes of seismic potential as
defined by KSO and MNSK. The length along strike of the rupture zone of an
earthquake of Mg or My 7.0 is about 40 km. Locating it on the colored map of MNSK
with an accuracy of half that dimension, 20 km, or better requires making
measurements on the colored map to 0.3 mm or better.

KSO [1973] recognized the dangers in interpreting these maps literally and
wamned their readers not to use the least detailed (large scale) maps (their Figs. 1 and 2)
in their paper for more than an overview, but rather to use the appropriate detailed
figures in the paper for each region. This wamning was ignored by K&J. For example
K&J incorrectly assess the 1979 Colombia (My 8.2) earthquake as being half in an
orange and half in a green area. Had they consulted the more detailed maps of South
America in KSO and MNSK, it would have been evident that the 1979 great earthquake,
in fact, fell in the remaining portion of the rupture zone of the 1906 Colombia-Ecuador
Mw 8.8 earthquake that had not reruptured in the 1942 (M5 7.9) and 1958 (Mg 7.8)
shocks. Aftershocks of the 1979 shock nearly filled that remaining gap, and rupture in
1979 progressed from its epicenter at the southwestern end of the gap to the northeast
[Kanamori and McNally, 1982]. Kanamori and McNally [1982] also modelled the
Rayleigh wave spectra to obtain the rupture dimension along strike for the 1979
earthquake; Beck and Ruff [1984] modeled seismic moment release, and Herd et al.
[1981] describe uplift along the coast.

The selection criteria specified that intraplate events were to be excluded from
consideration. Yet K&J included events which involved strike-slip motion along the
north side of the Aleutian arc (#9), well to the north of the plate boundary, and
intraplate reverse faulting near the axis of the Peru-Chile trench (#28), well to the west
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of the plate boundary.  Several of the smaller events in their table involved a
predominance of either high-angle reverse faulting or strike-slip faulting in zones that
had previously ruptured in much larger interplate thrust events. The most glaring
error is the assignment of a potential category to the major Costa Rican earthquake of
April 22, 1991 (Table 4 of K&J), which did not occur along the Cocos-Caribbean plate
boundary, but on a different tectonic feature, the North Panama fold and thrust belt, a
region never discussed by either KSO or MNSK. As a further example of the
oversimplified use of these large scale maps, the Taiwan and New Britain regions were
portrayed with a two-color code (red and orange) to schematically indicate that the
region is extremely active for large shocks with repeat times of generally less than 30
years (MNSK p. 1137). Yet K&J disregarded this description and have literally
included each bar in these schematically coded areas in their indexing and hypothesis
testing.

Magnitude Criteria

K&]J state that the seismic gap concept is often interpreted to apply only to "plate
boundary rupturing” or "gap-filling" events, which may be larger in some zones than in
others. They go on to state that neither KSO nor MNSK define clearly what would
qualify as such an event for each plate boundary segment. K&J, however, then test the
end member concept that is farthest in its definition from being a gap-filling
earthquake, i.e. the occurrence of any event of Mg > 7.0 in one of the three zones of
seismic potential defined by MNSK ( i.e., those zones colored red, orange, and green).
K&J are correct that KSO and MNSK did not explicitly state what size or magnitude
event would constitute a success or failure of the hypothesis for each zone. However,
KSO and MNSK were well aware, and stated (KSO, p. 2547; MNSK, p.1094 ) that the
maximum size of plate-rupturing events differs considerably both along and among
active plate boundaries. They and previous workers on seismic gaps noted that for
some plate boundaries the largest ruptures in the past have been truly great earthquakes,
(i.e., Mw > 9) while other plate boundaries have experienced only events in the 7 <
Myw < 8 range. The choice of M 7 as a threshold in 1979 was motivated, in part, by the
recognition that the error in mapping aftershock zones was comparable in size to the
rupture zone of an event near magnitude 7.

A careful reading on MNSK indicates that they did convey a qualitative sense of
what size event would constitute a success or failure of their assignments of seismic
potential. For example, in their Figure 8 MNSK regarded the 1971 Chilean earthquake
of Mw 7.8 as filling the northern third of the gap which last ruptured in the great (Mw
8.5)-Chilean shock of 1906. They designated the remainder of the 1906 Chilean
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rupture zone as a region of the next to highest potential (orange color) and the 1971
rupture zone as having a low potential (green color). Both KSO and MNSK regarded
the 1942 (Ms 7.9) and 1958 (Mg 7.8) shocks as partially filling (about 40%) of the
rupture zone of the great (Mw 8.8) Colombia-Ecuador earthquake of 1906. Likewise,
they also designated the remainder of the 1906 zone as having a high potential (orange).
That remaining segment ruptured in 1979, several months after the publication of
MNSK, in an event of Mg 7.7. Thus, a fairly typical pattern of several fault segments
along an active plate boundary breaking in a single great event followed a cycle later by
those segments rupturing in individual large to great earthquakes was clearly
recognized by KSO and MNSK. Hence, they regarded an earthquake as either gap
filling or partially gap filling if its rupture length was approximately 25% or more of
the length of the rupture zone of the previous great event and if it was large enough to
break the entire downdip width of the plate interface that is capable of rupturing
seismically.

MNSK also state in their criteria that "large shocks are assumed to rupture the
plate boundary from 0 to 40 km in depth” (P. 1087, #8), and that a "common
assumption often made in in analysis of seismic gaps is that large shocks rupture the
entire plate boundary in depth" (p. 1085). Scholz [1990], Pacheco et al.[1992], and
Pacheco and Sykes [1992] classified earthquakes as being either large or small by
whether or not they rupture the entire downdip width of the seismogenic zone (that area
of major faults that is capable of nucleating earthquakes). As illustrated in Fig. 1, small
earthquakes have no bounds in length along strike, L, or downdip width, W. Large
carthquakes have no limits in L but their downdip width is bounded by the extent of
brittle material, that is, from the earth's surface to the onset of ductile deformation at
depth. Pacheco and Sykes [1992] assembled a new catalogue of worldwide shallow
(depth < 70 km) earthquakes of Mg = 7.0. They and Pacheco et al. [1992] examined the
slope (b value) of the frequency-magnitude relationship for sub-sets of that catalogue.
They concluded that the b value changes from about 1.0 to 1.5 for interplate thrust
events at subduction zones at Mg 7.5 and in a similar way for earthquakes along
transform faults at a much smaller magnitude, Mg 5.9. They propose that the change in
slope marks the transition from small to large earthquakes. The transition occurs at a
larger magnitude for shallow thrust events at subduction zones since W is much greater
there (50 to 200 km) than it is for nearly vertical transform faults where W is about 10
km. Most of the events examined by K&J (their Table 1) occurred in the vicinity of
subduction zones. Thus, the transition from small to large rupture should occur for
most of their events near Mg 7.5.
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Revised Hypothesis Test

Application of the selection criteria of MNSK to Table 1 of K&J significantly
reduces the number of events (to 52% of the original catalog for the period 1973 to
1988, and to 45% of the original catalog for the period 1979 to 1988) we consider
eligible for testing the seismic gap hypothesis as originally stated in 1979 . Our revised
catalog is presented in Table 1. The ineligible events (and the reasons for our rejection)
are listed in Table 2. Even then, roughly half of the remaining earthquakes in Table 1
are events with magnitudes Mg<7.5. It is likely that most, and perhaps all, of the events
smaller than Mg 7.5 did not break the entire downdip width of the plate interface, a
fundamental assumption about events that KSO and MNSK considered to be gap-filling
or partly-gap filling earthquakes. Thus, K&J's analysis is biased towards small
earthquakes whereas most papers on seismic gaps and zones of seismic potential have
focused on larger events. Accordingly, we have subdivided Table 1 into events with Mg
<7.5 and Mg 27.5. Of course, the delineation of a change in b value and the naming
of events in this way as either small or large postdates the publication of KSO and
MNSK. Nevertheless, we believe that the context of those two papers is clearly that of
events that rupture the entire downdip width of the seismogenic zone and not that of
smaller events that do not.

K&]J test the differences between all earthquakes of Ms27 in the Red and Green
and the Red and Orange categories of earthquake potential (i.e., PRed > PGreen and Pred
> POrange), and assert that seismic activity in the Green and Orange zones is
indistinguishable (i.e., POrange = PGreen). Using the revised catalog in Table 1, we first
test those eligible earthquakes with Ms>7.5. In Table 1.1 there are 1 Red, 8 Orange,
and 6 Green earthquakes for the interval 1973 to 1988. For the shorter time interval,
1979 to 1988, there are no Red events, 4 Orange, and 3 Green earthquakes. This latter
score differs from the K&J score of 1 Red, 2.5 Orange, and 5.5 Green earthquakes for
this same time interval (1979-1988) and illustrates the effects of the selection criteria
previously discussed. Inspection of Table 1.1 indicates that during the last 16 years
there have clearly been more Orange than Red earthquakes, confirming the initial
observation that was made over a decade ago by Nishenko and McCann [1981]. For
both time intervals, 1973-1988 and 1979-1988, we find that there are similar numbers
of Orange and Green earthquakes. Hence, for earthquakes with Mg 27.5, the
difference between the Orange and Green or Red + Orange and Green categories is not
significant enough to warrant rejection of the null hypothesis (POrange=PGreen)-
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Examination of earthquakes between Ms 7.0 and 7.5 (Table 1.II) during the same
intervals 1973-1988 and 1979-1988, indicates that there were no Red, 6 Orange, and 9
Green; and no Red, 6 Orange, and 5 Green events, respectively. Again, there is no
significant difference between the Orange and Green categories. Not surprisingly,
combining Tables 1.1 and 1.1I for all eligible earthquakes of Mg 7.0 yields the same

conclusion.

Both K&J and the preceding discussion have tested specific applications of the gap
concept by KSO and MNSK and shown that there is no significant difference between
the Orange and Green categories of seismic potential as defined in 1979. In many cases,
information for specific plate-boundary segments is sparse; hence uncertainties in those
estimates are also large and should be subject to modification as more information
becomes available. Inspection of Table 1 in K&J indicates that some of the "failures” of
the gap hypothesis (as stated in 1979) occurred in areas with relatively poorly defined
segmentation and rupture histories. For example, events in 1977 (Ms 7.6, not listed in
K&J), 1979 (#19) and 1984 (#36) all occurred in the vicinity of the 1966 Mg 7.7
Solomon Islands earthquake.. While this entire region had been colored green by
MNSK, analysis by Wesnousky et al. (1986) indicates that these subsequent events
ruptured adjacent, non-overlapping segments of the plate boundary which had probably
not ruptured in large or great earthquakes since the 1920's and 30's (Nishenko, 1991).
Similarly, the 1980 Mg 7.7 Santa Cruz Islands (#23) earthquake was judged by Tajima
et al. (1990) to represent the rupture of an asperity that acted as a barrier to the 1966
Mg 7.9 earthquake, even though the 1-day aftershock zone suggests rupture propagation
into the 1966 zone. These examples represent improvements in the resolution and
definition of earthquake rupture zones in this region. Application of the same
methodology in light of these post-MNSK studies would result in different scores for
the same Mg >7.5 earthquakes in Table 1.1 (i.e., 11 Orange and 3 Green events during
the interval 1973-1988). These revised scores would be significant to reject the null
hypothesis at the 0.02 significance level. The above example illustrates the dramatic
effect that just 4 earthquakes have on the test results. Given the small number of
earthquakes that have occurred in the 16 year interval 1973 to 1988, the hypothesis test
does not yet have enough power to distinguish between alternative models.

Conclusions and Discussion

Both K&J and this study have examined the seismic gap hypothesis, as proposed
by KSO and MNSK, and have come to significantly different conclusions. The
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conceptual differences between our two studies is summarized by the magnitude-time
matrix shown in Figure 2. KSO, MNSK and K&J have examined the utility of using
elapsed time, Telapsed. as the sole criteria for characterizing seismic potential. By
virtue of the magnitude threshold and data selected to evaluate the gap hypothesis, K&J
have altered the hypothesis from one that applies this criteria to a specific group of
earthquakes to one that includes any event equal to or larger than MS 7. In contrast,
KSO and MNSK addressed the largest events that were associated with a particular
simple plate boundary. These two hypotheses occupy different positions in Figure 2.
K&J contend that the rejection of their version of the gap hypothesis implies that a
clustering model of earthquake occurrence is a better model than one based on quasi-
periodic earthquake recurrence. The elapsed time component of the seismic gap
hypothesis, however, does not explicitly include any statement about recurrence time,
Tave, which occupies a different column in Figure 2. Hence, we fail to see how
rejection of one element by K&J supports their conclusion about another element in
Figure 2. Our examination of the revised seismicity catalog indicates that elapsed time
alone is not a powerful criteria for characterizing seismic potential in a system
characterized by an order of magnitude or larger variation in recurrence time.

The seismic gap and seismic potential hypotheses, put forth in 1973 and 1979,
were intended to be working hypotheses that would be tested, modified, or discarded if
necessary. Following the publication of MNSK and Nishenko and McCann (1981), we
have gone on to include, what we believe, are refinements that improve long-term
forecasts, by including information about the rates of plate motion, average repeat time,
and estimates of earthquake size in a probabilistic manner for specific segments of
relatively simple, major plate boundaries. While the criticisms of K&J focus upon
papers published 13 and 19 years ago, it is clear from their article that they have
fundamental disagreements with work published since then by Lindh [1983], Sykes and
Nishenko [1984], Nishenko and Jacob [1990] and the Working Group on California
Earthquake Probabilities [1988, 1990] that utilize information on repeat times of large
characteristic earthquakes for segments of very active faults to calculate probabilities of
rupture during the next one to a few decades. These more recent forecasts belong to a
different matrix element in Figure 2, and the results from the tests discused here have
little bearing on these other elements. An evaluation of the methodology used in these
more recent models will be published in the near future (Nishenko and Perkins,
manuscript in preparation, 1992).

In hindsight, some of the "failures"” of the seismic gap hypothesis could have been
avoided given better definition of earthquake rupture zones (e.g. the 1966, 1977, 1979,
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and 1984 Solomon Islands events) at the time the potential estimates were formulated
and published. In other areas, clear examples of failures do exist. These include cases
where the repeat time was less than 30 years (the 1986 Mw 8.0 Central Aleutians event
[#50] occurred in the vicinity of the epicenter of the great 1957 Mw 8.6 earthquake, as
did the 1975 Mw 7.6 Southern Chile event (#10) which occurred near the epicenter of
the giant Mw 9.5 1960 earthquake), and zones with complex modes of rupture,
whereby shallow portions of the plate interface have ruptured independently of deeper
portions (e.g., 1978 Mw 7.5 Kurile [#13] event ruptured the area updip of the 1958
Mw 8.4 earthquake, and perhaps the 1985 Mw 7.5 Michoacan aftershock [#45] which
ruptured updip of the 1979 Mw 7.5 Petatlan event [UNAM, 1986]).

Both K&J and this comment have demonstrated the necessity for the clear
definition of the seismic gap (or any) hypothesis to avoid later misinterpretation and
misunderstanding. Definitions of what constitutes an earthquake prediction require a
specification of magnitude, location, and time interval (e.g., Wallace et al., 1984).
Explicit definitions of expected location or plate boundary segmentation, expected
recurrence time, magnitude, and mechanism (and their associated uncertainties) also
need to be established for probabilistic earthquake forecasts. In other words, future
forecasts need to anticipate the type of statistical testing that K&J have attempted with
the KSO and MNSK models. Recent forecasts by the Working Group on California
Earthquake Probabilities [1988, 1990] and Nishenko and Jacob (1991) for the Queen
Charlotte-Alaska-Aleutian seismic zone fulfill many of these requirements.

Both the Working Group (1990) and Savage (1991) constructed hypothesis tests
of the forecast estimates for the 1989 Loma Prieta, California earthquake using
previously published recurrence time estimates and their uncertainties. For forecasts
involving many seismic zones, such as the entire circum-Pacific region, some
specification of the time period the forecast addresses should be included with the
individual forecast parameters. This verification interval may or may not be coincident
with the exposure windows commonly stated for conditional probability estimates (e.g.
a 0.67 probability in the next 30 years) K&J used 16 years of data to test the gap
hypothesis and admit that the sample sizes were too small in the critical cases to reach
any significant conclusions. Both KSO and MNSK recognized that long time intervals,
on the order of decades, would be needed to properly test the seismic gap hypothesis.
During the time interval under discussion, there have been no events with Mw > 8.2 in
the areas under consideration. In fact, the last 20 years have been one of relatively low
overall seismic moment release (see Figure 3). None of the interplate events that have
occurred are even remotely comparable in size to the truly great events of 1952, 1957,
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1960, 1964, and 1965. The record of generally higher moment release during the last
90 years indicates, however, that the period of low moment release during the last 20
years is unlikely to continue in the decades ahead. We expect that truly great
earthquakes will occur again and that the sites of past events of that type that have not
ruptured in that way for more than a century are likely locations for these future
events.

While there has always been an awareness of "clustering" associated with the
occurrence of major and great earthquakes, the gap hypothesis intentionally focused on
other aspects of earthquake occurrence along simple plate boundaries. In many cases,
large shocks following great earthquakes represent new breakage in areas adjacent to,
but different from, the zones that broke in the preceding mainshock. In some cases,
closely spaced events in space and time represent progressions of activity along plate
boundaries . Clear examples include the 1957, 1964, and 1965 sequence along the
Alaska- Aleutian plate boundary, where 2400 km of plate boundary broke within 9
years, a small fraction of the time between similar sized events along any particular
segment. Likewise, several segments of the North Anatolian fault ruptured in a
relatively short amount of time, 1939-1943 [Richter, 1958]. Fedotov [1965], Mogi
[1969], Vames [1989], and Sykes and Jaume [1990] report increases in seismicity in
advance of a number of large and great earthquakes. Ultimately, a physical model that
takes into account contributions from both large and small, interplate and intraplate
seismicity throughout the entire seismic cycle along plate boundaries is necessary to
better describe seismic hazards along simple plate boundaries.
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FIGURE CAPTIONS

Figure 1. Two types of earthquakes; small and large. L is rupture length, along strike
of the fault, W, is the down-dip width of rupture The transition between small
and large earthquakes occurs at Mg 5.9 for transform faults and Mg 7.5 for

subduction zones [from Pacheco, Scholz, and Sykes, 1992].

Figure 2  Magnitude-Time matrix. K&J - Kagan and Jackson [1991]; KSO -
Kelleher, Sykes, and Oliver [1973] ; MNSK - McCann, Nishenko, Sykes, and
Krause [1979]; N&J - Nishenko and Jacob [1991]; WGCEP - Working Group on
California Earthquake Probabilities [1988, 1990]

Figure 3. Logarithm of seismic moment (MQ) in N-m as a function of time on a
global basis from 1900 to 1989. The curve was smoothed with a three year
running average. Note that the period 1973-1989 is one of relatively low overall
seismic moment release in the circum-Pacific region [after Pacheco and Sykes,
1992]
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TABLE 1

ELIGIBLE EARTHQUAKES

L. Earthquakes with M§ > 7.5
K&J# DATE
1 1/30/73
3 6/17/73
6 10/3/74
10 5/10/75
* 4/21177
13 3/24778
14 6/12/78
16 11/29/78
18 3/14779
20 12/12/79
23 7/17/80
36 2/1/84
40 3/3/85
44 9/19/85
50 571/86

7.5
7.7
7.6
1.7

7.6
1.7
7.7
7.6
7.7
7.9
7.5
7.8
8.1
1.7

Mw2 K&IJ3

7.6 R)
7.8 G)
7.9-8.0 (R)
7.6 G)
7.5

7.5 G)
7.6 R)
7.5-1.7 (G/R)
7.5 GR, G
8.1-8.2 R,G/O
7.7-18 -G
7.5-16 -,
7.6-8.0 R,0O
7.9-8.1 R,O
7.9-80 G,G
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TABLE 1 (con't)

ELIGIBLE EARTHQUAKES

I1. Earthquakes with 7.0 < M§ < 7.5

K&J #
2
5
11
15
17
19
21
25
29
30
32
33
34
35
43

DATE
2/28/73
8/18/14
1721776 t
8/23/78
2/28/79
10/23/79
2/23/80
1/30/81
10/25/81
12/26/81
6/1/82
8/5/82
4/3/83
10/4/83
1/3/85

Msl
7.2
7.1
7.0
7.0
7.1
7.1
7.0
7.0
7.3
7.1
7.0
7.1
7.3
7.3
7.2

Mw?2
7.0

7.0

-

7.3-7.5

7.0
7.2-7.3
7.0

714
7.6
7.2
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NOTES:

1. Ms values from K&J, Table 1.

2. Mw values computed from seismic moments in Pacheco and Sykes [1992]. No entry
indicates that either the revised Mg or Mw value is below 7.0.

3. Seismic potential assignments by K&J. Pre-1979 potential assignments attributed to
KSO are either high (R) or low (G) and shown in parentheses. Post-1979 evaluations
are attributed to both KSO (if available) and MNSK, respectively. The three stage
classification of MNSK is based on the time elapsed, Telapsed. since the last large
earthquake - R (Telapsed2100 years), O (30<Te]apsed<100 years), and G (Telapsed <30
years).

4. Seismic potential assignments by this study using only the 3 stage classification of
MNSK. Pre-1979 evaluations indicated by brackets. All seismic potential evaluations
were updated as of the time of the earthquakes listed above.

ADDITIONAL NOTES:
* Not listed in K&J, Table 1

%. Unknown focal mechanism
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TABLE 2

INELIGIBLE EARTHQUAKES

Earthquakes not suitable for hypothesis testing according to selection criteria of
McCann et al. [1979]

K&J# DATE Msl Mw2  NOTES

4 6/24/73 1.1 73 1
7 10/8/74 1.5 6.9 2
8 119774 7.2 7.0 1
9 2215 1.6 7.1 2
12 3/23/718 1.5 1.5 1
22 78/80 7.5 7.5 1
24 10/25/80 7.2 1.5 3
26 7/6/81 7.0 7.5 2
27 7/15/81 7.0 7.1 2
28 10/16/81 7.2 7.1 2
31 1/11/82 7.1 7.1 3
37 3/24/84 1.0 7.1 3
38 11/17/84 7.2 7.1 3
39 12/28/84 7.0 6.7 2
4] 4/9/85 7.2 7172 1
42 5/10/85 7.1 7.2 2
45 9/21/85 1.6 73-17 1
46 11/28/85 7.0 6.9 2
47 11/28/85 7.1 7.0 2
48 12/21/85 7.3 7.1 2
49 4/30/86 7.0 6.9 1
51 11/14/86 7.8 7.3 4
52 2/8/87 1.4 7.1-73 2
53 3/5/87 1.3 7.5 5
54 10/16/87 7.4 7.3 3
55 2/24/88 7.0 7.2 3
56 4/12/88 7.0 7.1 3
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1. MS values from K&J, Table 1.
2. Mw values computed from seismic moments in Pacheco and Sykes [1992].

REASONS FOR REJECTION:
1. Foreshock or aftershock
2. Intraplate, strike slip, or normal faulting mechanism

3. High-angle reverse faulting
4. Multibranched zone of deformation
5. Occurred in zone with incomplete historic record
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Recurrence History of Great Subduction Zone Earthquakes
along the Sagami and Suruga-Nankai Troughs, Japan,
and its Tectonic Implication

Katsuhiko ISHIBASHI

International Institute of Seismology and Earthquake Engineering
1 Tatehara, Tsukuba, 305 Japan

Abstract:— The Sagami and Suruga-Nankai troughs south off central and
southwest Japan are the northernmost subduction boundary of the Philippine Sea plate. I
summarize the recurrence history of great subduction zone earthquakes along these
troughs based on the latest studies and discuss significant tectonic factors affecting it.

I conclude that along the northwestern part of the Sagami trough the recurrence
pattern is simple in that great Kanto earthquakes repeat every 200 - 300 years releasing
almost all crustal strains accumulated by the relative plate motion with the rate of 3 - 4
cm/y (i.e., seismic coupling ~ 100 %). The latest and the second latest events occurred in
1923 and 1703. The 1293 and the 878 disastrous earthquakes are strongly suspected to
be older examples. Furthermore, we cannot deny the possibility that unknown Kanto
earthquakes took place in the 15th and 11th centuries.

The southeastern part of the Sagami trough may be aseismic due to the nearness
to the triple junction and a presumable plate mechanical boundary developed near the east
coast of the Kanto district. The 1605 earthquake is doubtful and the 1953 earthquake was
not a subduction zone event but a tear faulting within the subducted Pacific slab.

The space-time distribution of great Tokai and Nankai earthquakes along the
Suruga-Nankai trough has turned out more regular than before by the progress of
historical seismology. The regularity suggests that here also the recurrence pattern is
basically as simple as that along the Sagami trough. However, I infer that the Suruga-
Nankai trough is not a simple subduction boundary because of the eastward movement of
southwest Japan as a part of microplate and that the relative plate motion is
accommodated partly by inland active faults together with the trough. In particular, the
Median Tectonic Line, an interarc transcurrent fault, seems important. An irregularity in
the recurrence of the Tokai and Nankai earthquakes demonstrated by the 1605 great
tsunami earthquake was probably caused by the 1586 inland great earthquake and the
1596 rupture of the Median Tectonic Line.
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UJNR PANEL ON EARTHQUAKE PREDICTION TECHNOLOGY
November 16-19, 1992

STRONG GROUND MOTION PREDICTION FOR CASCADIA SUBDUCTION
EARTHQUAKES

Paul Somerville
Woodward-Clyde Consultants, 566 El Dorado Street, Pasadena, CA 91101

Subduction Earthquakes. The shallow dip and near-shore location of the potentially
seismogenic plate interface of the Cascadia subduction zone make it geometrically analogous to

the Sagami trough near Tokyo, the Nankai and Hyuganada troughs in southwest Japan, and sub-
duction zones in North, Central and South America. The magnitude 8 Michoacan, Mexico and
Valparaiso, Chile earthquakes in 1985 provided strong motion recordings close to large subduction
earthquakes that are very relevant to the prediction of strong ground motion in the Cascadia sub-
duction zone. These recordings were used to refine empirical srong motion attenuation relations,
and to test seismologically-based ground motion models that were subsequently applied to the
Cascadia subduction zone. The various ground motion prediction models are in reasonable
agreement, suggesting that there is a fairly good basis for predicting strong ground motions from
large subduction earthquakes, at least on rock and for frequencies above about 1 Hz. However, the
ground motions from the recent Petrolia, California earthquake of April 25, which appears to be a
subduction earthquake (the first known Cascadia subduction earthquake in historical time) are larger
thanthose predicted by mostattenuation relations. The ground motions from subduction earthquakes
are expected to be somewhat larger than those for crustal earthquakes of the same magnitude and
distance. Additional uncertainties in the prediction of strong ground motions on rock sites in the
Puget Sound and Portland regions are due to uncertainties in the location and downdip extend of
the seismogenic part of the plate inteiface, and in the distribution of slip as a function of depth on
the plate interface.

Wadati-Benioff Earthquakes, The largest strong motion recordings in the Puget Sound
region are from the magnitude 6 3/4 1949 and 1965 Olympia and Seattle earthquakes which both

occurred in the Wadati-Benioff zone. These recordings have been used to check empirical strong
motion attenuation relations and to test seismologically-based ground motion models. The
recordings appear to have been strongly influenced by site response, and have larger motions at
periods longer than 1 second than predicted by most models. The motions are expected to be
significantly stronger than those for crustal earthquakes of the same magnitude and closest distance.
The ground motions from magnitude 8 subduction earthquakes are expected to be about twice as
large as those recorded during these two events at periods shorter than 1 second, and more than
twice as large at longer periods.

Site Response. In recent years, information on the shallow velocity structure in the Portland
and Puget Sound regions has been gathered for use in estimating site response, and recordings from
explosions and earthquakes have been used to empirically estimate site amplification factors. These
shallow velocity models and recorded data are probably relevant for estimating site response at high
frequencies. Modeling studies have been done that take into account the focussing effects of
topography on the contact between bedrock and sediments in the Puget Trough from motions arriving
almost vertically from below. However, these studies have not considered the possible effects of
trapping of waves in basin structures.
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Basin Response, Both the Puget Sound and Portland regions are potentially subject to the
effects of rapping of waves in basin structures. The Puget Trough has unconsolidated sediments
as thick as 1,000 meters, and the Tualatin and Poriland Basins have sedimentary rocks overlying
the Columbia basalt at depths as much as 300 meters. The large velocity contrasts in these structures
may be very effective in rapping seismic energy at periods of about one second and longer. These
effects are expected to be important both for subduction earthquakes and for crustal earthquakes in
which the motions enter the basins through their margins. For crustal earthquakes, there is evidence
of basin response in the intensity pattern observed in the Puget Sound region from the 1981 Elk
Lake earthquake. Subduction earthquakes have large spectral amplitudes at long periods, and the
potential amplification of these large long period motions by basin response has important impli-
cations for the safety of structures such as bridges and highrise buildings. These effects are not
included in conventional site response analyses using 1-D velocity models, because waves arriving
from below cannot become trapped in such structures. Modeling of strong motion recordings from
the 1971 San Fernando, 1987 Whittier Narrows, and 1989 Loma Prieta earthquakes using 2-D and
3-D velocity models indicates the importance of considering the role of laterally varying structure
in amplifying strong ground motions.
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Abrupt Uplift Within the Past 1700 Years at
Southern Puget Sound, Washington

Robert C. Bucknam, Eileen Hemphill-Haley, Estella B. Leopold

Shorelines rose as much as 7 meters along southern Puget Sound and Hood Canal
between 500 and 1700 years ago. Evidence for this uplift consists of elevated wave-cut
shore platforms near Seattle and emerged, peat-covered tidal flats as much as 60 kilo-
meters to the southwest. The uplift was too rapid for waves to leave intermediate shorelines
on even the best preserved platform. The tidal flats also emerged abruptly; they changed
into freshwater swamps and meadows without first becoming tidal marshes. Where uplift
was greatest, it adjoined an inferred fault that crosses Puget Sound at Seattle and it
probably accompanied reverse slip on that fault 1000 to 1100 years ago. The uplift and
probable fault slip show that the crust of the North America plate contains potential sources
of damaging earthquakes in the Puget Sound region.

Westem Washington State has at least
three dissimilar sources of earthquakes that
could damage metropolitan areas near
Puget Sound. The best documented of
these sources, the interior of the subducted
Juan de Fuca plate, has released several
20th-century earthquakes of magnitude
(M) 6 or 7 from depths of 50 to 60 km
beneath Puget Sound (I). A second source,
the offshore part of the boundary between
the Juan de Fuca and North America
plates, lacks historical seismicity but may
produce infrequent earthquakes as large as
M = 8 or 9 (2—4). In this report we present
evidence for a third source—historically
quiescent faults within the North America
plate. We propose that one or more large
earthquakes on such faults account for up-
lift that occurred in the southern Puget
Sound region between 500 and 1700 years
ago. Accompanying reports present evi-
dence that one of these earthquakes gener-
ated a tsunami (5) and may also account for
landslides (6), rock avalanches (7), and
turbidity currents (8) (Fig. 1).

The most conspicuous evidence for
earthquake-induced uplift at Puget Sound is
a raised wave-cut platform at Restoration
Point (9), the easternmost part of a penin-
sula 5 km west of Seattle (Fig. 1). The raised
platform extends discontinuously along the
coast nearly 3 km to the northwest and 7 km
to the west of the peninsula (10). The
peninsula is fringed by the raised platform
(Fig. 2), which is expressed as a seaward
sloping, nearly planar bedrock surface as
much as 7 m above high tide (I1). Organic-
rich sand 20 to 40 cm thick overlies much of
the platform, which is cut on steeply dipping
Tertiary siltstone and sandstone. Much
thicker deposits of sand and gravel cover the

R C. Bucknam, U.S. Geological Survey, Mail Stop
966, Box 25046, Denver, CO 80225.

E. Hemphill-Haley, U.S. Geological Survey, Mail Stop
999, 345 Middiefield Road, Menlo Park, CA 94025
E. B. Leopold, Department of Botany, KB-15, Univer-
sity of Washington, Seattle, WA 98195.

platform 2.5 km northwest of Restoration
Point; these deposits contain shallow-water
marine mollusk shells in growth position (12).

The raised platform at Restoration
Point, which resembles the adjacent mod-
ern platform at sea level, records about 7 m
of uplift. Erosion at the seaward edge of the
raised platform has produced a low bedrock
scarp as much as 3 m high. High tide
coincides approximately with the foot of
the scarp. The corresponding part of the
raised platform lies 7 m higher. Because the
type of rock and exposure to waves are
similar on the modern and raised platforms,
we assume that the landward edge of the
raised platform similarly formed at about
the level of high tide, in which case the net
uplift is 7 m (13).

The nearly planar form of the raised
platform indicates that it was uplifted sud-
denly. Low linear ribs of the most resistant
of the Tertiary beds can be traced from the
modern platform onto and across the raised
platform. Postuplift weathering has subdued
these features on the raised platform, but
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Fig. 2. Map of Restoration

Point, showing relative el-
evation contours (in me-
ters), datum is approxi-
mate mean sea level. Fine
straight lines are bedrock
ribs of resistant sedimen-
tary rock that dip steeply
in direction shown by ar-
row. Inverted triangle at B
is location of the columnar
section shown in Fig. 3B.
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ribs with as little as 20 to 30 c¢m of relief are
conspicuous. This preservation suggests
that slow uplift would have left recognizable
patterns of intermediate shoreline features
on the uplifted surface, such as bars of
beach gravel or small erosional scarps. In a
careful search we found no such features,
with one doubtful exception (14). This lack
of intermediate shorelines is inconsistent
with slow (aseismic) uplift, which would
have taken at least a decade at the highest
known aseismic uplift rates (15). There-
fore, we suspect that the uplift accompa-
nied an earthquake.

Radiocarbon ages show that the abrupt
uplift occurred between 500 and 1700 years
ago. A concentrate of humus from the basal
4 c¢m of the organic sand that overlies the
bedrock of the raised platform gave a min-
imum time for the uplift of 500 to 800 years
ago (620 = 90 'C yr B.P.) [16, 17]. Beach
gravel and tidal flat mud, now 6 to 7 m
above high tide, underlie a small marsh in
the isthmus west of the peninsula (Fig. 2).
Rounded fragments of detrital charcoal
from the uplifted tidal flat mud (Fig. 3B)
gave a maximum time for the uplift of 1300
to 1700 years ago (1560 = 90 '4C yr B.P.).

A marine platform also stands a few
meters above high tide at Alki Point in
Seattle, 5 km east of Restoration Point.
Although that platform is mostly obscured
by houses and roads, a recent excavation
exposed a planar sand-covered bedrock sur-
face 4 m above present high tide. Uplift of
this surface was greater than 4 m because
the landward edge of the platform was not
exposed in the excavation.

Deposits at a small marsh at Winslow
(Fig. 1), just 5 km north of Restoration
Point, give evidence that the amount of
vertical displacement was quite variable
locally. The marsh at Winslow is underlain
by peat that was deposited during the past
several thousand years (Fig. 3A), that is,

including the time of the uplift at Restora-
tion Point. Diatom assemblages from mud
directly beneath the peat indicate that the
site was a freshwater bog or swamp 1600 to
2100 years ago. Peat about 30 cm higher in
the section (1400 to 1700 years ago) con-
tains diatoms characteristic of freshwater
bogs or swamps but tolerant of slightly
brackish water. The peat also contains a
few fossil diatoms characteristic of brackish
to marine environments. They presumably
were blown or washed into the peat; thus,
the site was near marine water and may
have been only slightly above the level of
the highest tides. Tidal marine water in-
nundated the site more frequently by 700 to
900 years ago as shown by radiocarbon-
dated leaf bases of Triglochin maritimum, a
common plant of brackish and saltwater
tidal marshes in Washington (18).

The deposits at the Winslow marsh lack
clear-cut evidence of an abrupt change in
relative sea level in the past 2000 years. If
the Winslow marsh changed level at the
time of the uplift at Restoration Point, it
probably subsided as shown by the change
from mostly freshwater wetland to tidal
marsh. Such subsidence could have accom-
panied the uplift at Restoration Point, as
inferred for a site 9 km to the northeast at
West Point (5). Alternatively, the tidal
marsh at Winslow could have originated
from a gradual rise in relative sea level.

In any case, the lack of uplift at Winslow
implies that the amount of vertical dis-
placement was variable—at least 7 m over
the 5 km between Restoration Point and
Winslow. A similar difference exists to the
east between Alki Point (uplift >4 m) and
West Point [subsidence = 1 m (5)]. Both
Restoration Point and Alki Point are on the
south side of the Seattle fault [Fig. 1; (19)],
a major east-trending structure that has
been inferred from depth-to-bedrock data
(10), gravity anomalies (12), and seismic
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reflection profiles (20). The long-term
sense of offset inferred on this fault is south
side up. The coincidence of the pattern of
vertical displacement in the marshes and
terraces with the same sense of late Ceno-
zoic displacement on a major fault nearby
suggests that the uplift occurred in conjunc-
tion with slip on the Seattle fault. Because
no surface rupture is apparent, fault slip at
depth may have been accommodated by
folding or warping at and near the surface.

Large uplift south of the Seattle fault
and small subsidence north of the fault
suggests that reverse slip occurred on a
south-dipping fault, rather than normal slip
on a north-dipping fault. For dipping nor-
mal faults, subsidence is large and uplift is
small. The ratio of subsidence to uplift
suggests that dip of the fault is less than
about 70° (21).

Our radiocarbon ages only broadly limit
the time of this fault slip and associatéd
uplift to between 500 and 1700 years ago. A
narrower range between 1000 and 1100 years
ago is suggested by radiocarbon dating and
tree-ring correlation of tsunami and land-
slide deposits near Seattle, provided that
these deposits are coeval with the uplift (5).

There is also evidence for uplift between
1000 and 1500 years ago at the heads of
three bays in southwest Puget Sound and
Hood Canal, 30 to 55 km southwest of
Restoration Point. The strongest case for
uplift in these other areas comes from
Lynch Cove, at the landward end of Hood
Canal (Fig. 1). We also found evidence of
uplift at Oakland Bay, 25 km southwest of
Lynch Cove, and at Burley, 15 km south-
east of Lynch Cove (Fig. 1).

Tidal flat sediment overlain by freshwa-
ter peat provides the evidence of abrupt
uplift at Lynch Cove. Fossil diatoms (Fig.
3C) show that the sediment accumulated
below high tide, on a tidal flat. By contrast,
woody roots, diatoms, and seeds of plants
characteristic of moist upland meadows and
freshwater marshes show that the overlying
peat formed above the highest tides. The
sharp contact at the base of the peat and
the lack of intervening salt-marsh deposits
suggests that the change from tidal flat to
upland meadows and marshes was abrupt
(22). A rise in relative sea level subsequent
to the uplift allowed high tides to submerge
the upland meadows and marshes many
centuries later, as shown by salt marsh peat
that overlies the freshwater peat.

Relief of the former tidal flat beneath
the peat shows that the uplift at Lynch
Cove exceeded 2 m. The former tidal flat
surface buried beneath the peat descends
gently toward the central part of the cove.
Before uplift, the highest point on the
former tidal flat was below high tide, and
after uplift the lowest point on that surface
beneath the freshwater peat was above high
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tide. The relief between these two points is
at least 2 m.

The oldest age determined thus far for
the lowermost several centimeters of the
peat at Lynch Cove is 900 to 1300 years
(1170 = 90 ¥C yr B.P.), which is a
minimum for the time of the uplift. Upland
shrubs had become established on the sur-
face by 800 to 1100 years ago (1050 = 70
14C yr B.P.) as shown by the age of a woody
toot in growth position in the sediment
beneath the peat (Fig. 3). A well-rounded
detrital fragment of wood from the sedi-
ment beneath the peat gave an age of 1300
to 1500 years (1420 £ 70 “C yr B.P.),
which is a maximum for the time of uplift.

As at Lynch Cove, peat containing
abundant wood overlies mud at Oakland
Bay and Burley, and roots of woody shrubs
are also present locally in the uppermost
several decimeters of the mud at both sites.

Radiocarbon ages of the lowermost few
centimeters of the peat at Oakland Bay and
Burley are similar to those at Lynch Cove—
1190 = 60 'C yr B.P. at Oakland Bay and
1130 = 50 *C yr B.P. at Burley (23). Also,
as at Lynch Cove, a rise in relative sea level
since the uplift has resulted in the forma-
tion of salt-marsh deposits on the freshwa-
ter peat at both sites.

Uplift of tidal flats in the Lynch Cove-
QOakland Bay areas, uplift adjacent to the
Seattle fault, and formation of an 8-m-high
fault scarp along the Saddle Mountain East
fault [Fig. 1; (24)] probably reflect slip on
several faults in the crust of the North
Anmerica plate. The slip may have occurred
either as a series of events closely spaced in
time (up to several centuries apart) or as
synchronous coordinated events. We impli-
cate more than the Seattle fault because
uplift of the Lynch Cove—QOakland Bay area
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Fig. 3. Generalized composite columnar sections at uplift sites in central and southern Puget Sound
region. (A) Winslow, (B) Restoration Point, and (C) Lynch Cove. Dashed line between sections
shows inferred correlation of uplift event (shown by heavy line in sections), dotted and queried
where uncertain, and time interval of Restoration Point uplift at Winslow site within bracketed interval
on (A). (C) represents the stratigraphy in the seaward part of the Lynch Cove marsh. Radiocarbon
ages on right side of columns are conventional radiocarbon ages (17), corresponding analytical
laboratory numbers, and abbreviations for material dated: C, charcoal; L, leaf; P, peat; R, rhizome
or leaf base; S, marine shell; W, wood. Abbreviations in explanation: a to e, representative diatom
species for environments (27); a (A), Fragilaria virescens, b, Navicula radiosa; c, low salt marsh,
Gyrosigma eximium; d, Pinnularia lagerstedtii; e (B), Gyrosigma balticum; and (C), Dimeregramma
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Gaultheria sp., and Urtica sp. Fossil rhizomes and inferred environments (78): D, Distichlis spicata;
T, Triglochin maritimum (high salt marsh); S, Scirpus acutus (freshwater to brackish marsh).
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appears too distant (35 to 60 km from the
Seattle fault) and too large (locally at least
2 m) to be solely the result of slip on that
fault. Alternative, but less likely, origins for
uplift in Puget Sound are earthquakes with-
in the subducting Juan de Fuca plate or at
the boundary between the Juan de Fuca and
North America plates. Earthquakes in the
subducted plate are unlikely sources of
widespread uplift, as judged from the lack of
recognized uplift from a M = 7.1 earth-
quake in the Juan de Fuca plate deep under
southern Puget Sound (epicenter in Fig. 1).
However, we cannot rule out coeval slip on
faults in the North America plate and on
the Juan de Fuca plate boundary because
14C ages for the uplift resemble ages for
abrupt subsidence and unusual ground-wa-
ter eruption along the Pacific coast of
Washington (4).

The size of the smallest earthquake com-
patible with the uplift between Seattle and
QOakland Bay can be estimated by compari-
son of the uplift produced by the magnitude
7.3 earthquake of 1980 near El Asnam,
Algeria, with that at Puget Sound. The El
Asnam earthquake produced 5 m of uplift
along a high-angle reverse fault (25), com-
parable to the amount of abrupt uplift near
the Seattle fault. We conclude that faults in
the North America plate can produce dam-
aging earthquakes, probably of magnitude 7
or larger, in the Puget Sound region.
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The Work of the Coastal Movements Data Center

Shouichi Matsumura
Geographical Survey Institute
Tsukuba, Ibaraki, 305, Japan

In Japan, the sea level is monitored at throughout the
country by several government agencies and there are over 500
such sites. In many countries sea level observation is only
provisional, but in Japan, high quality observations have been
carried out for a long time at a number of tide stations. This is
because 1) there is a regular need to determine the datum level
for repeated leveling and hydrosraphical surveying due to defor-
mation of the ground caused by frequent earthaquakes, 2) it is
necessary to keep records of tsunami (tidal waves caused by
earthquakes) and recurring high tides, 3) it is also necessary to
constantly collect data on tidal constants and variations in sea
conditions to assist forecasting tides for fishing, shipping and
other marine activities, and 4) as the coastal areas have a high
population density and civil engineering works are carried out
extensively, it is necessary to determine the datum level for
each area.

In Japan, modern geodetic surveys were undertaken 100 years
ago throughout the country, and thereafter country wide surveys
were repeated to understand, as described above, not only the
large crustal movements accompanying earthquakes and the steady
crustal movements under normal conditions, but also the precurso-
ry crustal movements immediately before an earthgquake. From
such historical background, the observation of crustal movements
plays a very great role in predicting earthquakes in Japan. In
particular, distinct crustal movements in littoral areas are
often seen in Japan whose Pacific coasts are very close to the
subduction zone or the trenches. Hence it is important to have a
thorough grasp of such crustal movements.

In order to gather the tide data obtained by the various
organizations and thus facilitate analysis of the crustal move-
ments in the coastal region, the organizations <cooperated and
established a Coastal Movements Data Center with the Geographical
Survey Institute as the secretariat in 1965. The operation of
the Center is briefly described in Reference 1.

As stated previously, there are more than 500 tide stations
in Japan, but 117 were registered with the Center as of November
1992(Fig. 1). Details are given in Table 1.

Geographical Survey Institute 25 stations

Japan Meteorological Agency 54 stations
Hydrographic Department 28 stations
Earthquake Research Institute 1 station

Others 9 stations

Table 1 Tide stations registered in the Coastal Movements Data
Center
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The requirements for registration of a tide station are not
expressly provided, but in principle they are as follovws.

1) Data is successively acquired, arranged and managed

orderly.

2) The tide station should be made of concrete on a bedrock

or other firm foundation.

3) The tide gauge should have a highly vreliable, simple

structure and be specifically a float type (Fig. 2).

4) Levelling at the tide station is determined via measure-

ment from the bench mark.

The Coastal Movement Data Center is continuously searching
for tide stations satisfying these requirements. Every year two
or three stations are added, subject to the approval of the
relevant organizations. Data from the tide stations is trans-
mitted partly by telecommunication lines but mostly by mail to
the Center, which then arranges them into the following documents
as a service to users.

1) Distribution Map of Tide Stations of the Coastal

Movements Data Center

2) Monthly Report on the Coastal Movements Data Center

3) Annual Report on the Coastal Movements Data Center

4) Tables and Graphs of Annual Mean Sea Level along

the Japanese Coast (issued every five years)

5) List of Tide Stations in Japan (issued every 10 years)

6) Report on Connecting Leveling to Tide Bench Marks

Some examples of crustal movements shown by the data of the
Center are given below.

(Example 1)

Excluding non-crustal movements as far as possible from
the data throughout the country, the levels from 1951 to 1981
were calculated. The results are shown in Fig. 3.. The figure
also shows numerically the result of the national leveling
carried out from 1962 to 1968 and the crustal movements calculat-
ed from the data of the leveling from 1975 to 1982. The tide
data and leveling data show a generally good correlation, but
there is a difference in the southwestern part of Japan.

(Example 2)

Fig. 4 shows vertical ground movements determined by level-
ing for the Tokai District, where the "Tokai Earthquake” s
anticipated. It can be seen that due to the sliding of the
Philippine Sea plate, the area from Omaezaki to Yaizu is subsid-
ing at the rate of 4 Smm a vyear. Fig. 5 shows the differences
in sea level at tide stations in this area. Subsidence at
Omaezaki and Yaizu is readily apparent when compared to Uchiura
and Maisaka. Differences in sea level allow real time observa-
tion over leveling, so to facilitate prediction of the "Tokai
Earthquake”, the tide data of the area is transmitted to the
Coastal Movements Data Center by telecommunication line and
monitored there.
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(Example 3)

Differences in sea level at lto, lzu Peninsula, and Aburat-
subo are shown in Fig. 6. In the eastern part of the lzu Penin-
sula, swarm earthquakes have occurred every years since 1978,
and in June 1989, a small submarine eruption occurred to the east
of lto City. The only activity thereafter was small swarm
earthaquakes in August and December 1991. As shown in Fig. B,
the level in the sgeneral area of Ito City rose significantly
between 1878 to 1989, remaining thereafter in line with declining
earthquake activity.

(Example 4)

In March 1982, an earthauake of M 7.1 at a depth of 40km
occurred off the coast of Urakawa, Hokkaido. Immediately before
the earthquake, a leveling survey carried out aquite by chance
indicated the possibility of a precursory rising phenomenon
occurring around Urakawa (Fig. 7). Differences in sea level at
Urakawa and Muroran (Fig. 8) also supported this <conclusion.

(Example 5) In Kyushu, a comparison of leveling surveys conducted
between 1975-1978 and 1981-1983 indicates subsidence in the
northern part and rising in the southern part (Fig. 9), but those
conducted between 18981-1983 and 1987-1390 conversely indicate
rising in the north and subsidence in the south. The question
of whether this was an indication of actual crustal movement or a
misinterpretation due to measurement error created some debate.
Data for differences in sea levels in the district (Fig. 10)
supports the former view.

The Coastal Movements Data Center operates smoothly through
good cooperation between the various organizations, and from the

experience acquired so far, the results of analysis of the
crustal movements using the data from the Center have proved to
be highly reliable. As a result, the Center is regarded as

playing an important role in clarifying coastal movements from an
academic point of view. Furthermore, the information it provides
is expected to be instrumental in predicting the "Tokai Earth-
quake”, just as it was shown to be of use at the time of the
submarine volcano eruption east of |to City.

81



(Reference 1)
The Operation of the Center

(Object)

1. The Coastal Movements Data Center referred to detects crustal
movements from data records of government tide and arranges the
data in a standard form and publishes it for practical use in
predicting earthaquakes.

(Projects)
2. To implement this objective, the Center is working on the
following projects; Preparing a distribution map of tide stations
registered with the Center Arranging the monthly mean tide levels
of the tide stations registered with the Center and publishing
monthly and annual reports of tide levels Arranging the results
of observation of the tide levels in the past for a substantial
period and publishing thenm.

Performing other necessary projects for the operation of the
Center.

(Commission)

3. To ensure smooth operation of the projects, the Center has an
operation committee consisting of experienced personnel from the
relevant government agencies, and the Director General of the
Geographical Survey Institute commissions thenm.

(Terms of O0ffice)

4. The term of office of each committee member is two vears, and
when a vacancy occurs, the term of office of the member filling
the vacancy is the remaining period of the predecessor.

(General Meeting)

5. The Center holds a general meeting or meetings once or more a
year for deliberation of matters concerning the running of the
Center.

(Administration )
6. Administration of the Center is undertaken by the Geographical
Survey Institute of the Ministry of Construction.

(Supplementary Provision)
This procedure applies from July 12, 1977.
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(Reference 1)

The Operation of the Center

(Object)

1. The Coastal Movements Data Center referred to detects crustal
movements from data records of government tide and arranges the
data in a standard form and publishes it for practical use in
predicting earthquakes.

(Projects) ,

2. To implement this objective, the Center is working on the
following projects; Preparing a distribution map of tide stations
registered with the Center Arranging the monthly mean tide levels
of the tide stations registered with the Center and publishing
monthly and annual reports of tide levels Arranging the results
of observation of the tide levels in the past for a substantial
period and publishing them.

: Performing other necessary projects for the operation of the
enter.

(Commission)

3. To ensure smooth operation of the projects, the Center has an
operation committee consisting of experienced personnel from the
relevant government agencies, and the Director General of the
Geograrhical Survey Institute commissions them.

(Terms of Office)

4. The term of office of each committee member is two years, and
when a vacancy occurs, the term of office of the member filling
the vacancy is the remaining period of the predecessor.

(General Meeting)

5. The Center holds 2 general meeting or meetings once or more a
year for deliberation of matters concerning the running of the
Center.

(Administration )
6. Administration of the Center is undertaken by the Geographical
Survey Institute of the Ministry of Construction.

(Supplementary Provision)
This procedure applies from July 12, 1977.
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Fig. 3 Vertical crustal movements as deduced from tidal records and releveling
Vertical crustal movements along the coast of the pacific ocean obtained
from releveling are shown at seven tide stations, a. Soma, b. Katsuure,
c. Aburatsubo, d. Onisaki, e. Kushimoto, f. Kure and g. Hosojima.

Unit: mm/year.

( After Nakahori [1985], reformation from Kato[1983] by Nakahori)
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Fig. 4 Vertical crustal movements in the Tokai district
in 1991 July - 1986 July,
( Geographical Survey Institute[1992] )
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Seismicity, Stress Orientation and Configuration of the Aleutian
Megathrust in the Vicinity of the Great 1964 Alaska Earthquake

C.D. Stephens, R.A. Page, J.C. Lahr, K.A. Fogleman, TM. Brocher, M.A. Fisher, and E L. Geist
(U.S. Geological Survey, Menlo Park, CA 94025)

The great 1964 Alaska earthquake ruptured the Pacific-North American plate boundary
along the northern end of the Aleutian megathrust (Figure 1) where tectonic interaction between
the two plates is complicated by ongoing subduction and accretion of the Yakutat terrane (for
example, Plafker, 1987). Since at least the early 1970’s, when the USGS established a
seismograph network surrounding the epicentral area in Prince William Sound, the megathrust
has been nearly aseismic. Because of this quiescence there is little direct evidence to constrain
the geometry of the megathrust. However, by combining well-contrained hypocenters and focal
mechanisms in the Prince William Sound region with the results of seismic profiling, we are able
to relate the megathrust to the interface between the overlying North American plate and the
underthrusting Yakutat terrane, which has been transported on the Pacific plate and subducted
beneath the continent.

Seismic reflection and refraction profiling in the Prince William Sound region of southern
Alaska (Brocher and others, 1991) reveals an extensive, gently landward-dipping mid-crustal
reflector defining the top of a layer with a P-wave velocity of about 6.9 km/sec (Figure 2). This
layer lies well above the subducted oceanic crust and Moho of the Pacific plate, and its apparent
eastward continuation has led to the interpretation that it represents subducted lower crustal rocks
of the Yakutat terrane (Brocher and others, 1991; Griscom and Sauer, 1990). Hypocenters of
recent, well-recorded earthquakes, when relocated with a velocity model based on the seismic
refraction profiling, tend to be concentrated at or just below this mid-crustal reflector (Figure 3)
rather than within the underlying Pacific plate. Furthermore, focal mechanisms determined from
regionally-recorded P-wave polarities show a remarkably consistent pattern in this depth range,
where T-axes tend to be subhorizontal and oriented west-east to northwest-southeast (Figure 4).
Both the distribution of seismicity and the orientation of T-axes appear to be continuous with the
deeper, more steeply inclined Wadati-Benioff zone seismicity west and north of Prince William
Sound (for example, Page and others, 1989), where the least-compressive principal stress axis

inferred from the focal mechanisms aligns with the downdip direction of the seismic zone.
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Evidence that the west- to northwest-directed extensional stress found in the subducted plate
beneath Prince William Sound may extend seaward of the trench comes from the northwestward
orientation of T-axes determined for the sequence of two magnitude 7-class earthquakes in the
northern Gulf of Alaska in 1987-88 (Lahr and others, 1988).

Our conclusion that the megathrust beneath Prince William Sound lies at the top of the
subducted lower crustal rocks of the Yakutat terrane has several important implications. One is
that the giant asperity at the northern end of the 1964 rupture zone, which released most of the
seismic moment in the earthquake (Ruff and Kanamori 1983; Kikuchi and Fukao, 1987), is linked
to the presence of the subducted Yakutat terrane. The anomalous plate thickness produced by
welding lower crustal rocks of the Yakutat terrane to the top of the Pacific oceanic lithosphere
may increase bending resistance or buoyancy, thus causing the subducting plate to follow a
relatively flat trajectory. This geometry would result in a broad contact zone between the plates,
as is reflected in the aftershock zone of the 1964 earthquake (Figure 5). In addition, the eastward
limit of rupture during the 1964 earthquake may have been structurally controlled. Both the early
aftershock activity and moment release from the 1964 earthquake die off rapidly near the
longitude of Kayak Island (Figure 5) where the mid-crustal reflector ramps upward significantly
(Figure 6). If the megathrust is marked by the mid-crustal reflector, then this upwarping in the

configuration of the megathrust may have impeded further rupture to the east.
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Figure

1. Map of tectonostratigraphic terranes (light dashed and solid lines; Yakutat terrane is
highlighted by stippled pattern) in the northern Gulf of Alaska (after Plafker, 1987), and
aftershock zone (slanted shading) of the great 1964 Alaska earthquake (after Davies and
others, 1981). Sedimentary upper crustal rocks of the Yakutat terrane are being deformed
in a fold and thrust belt that extends between the Kayak Island and Pamplona zones. The
Slope Magnetic Anomaly (after Schwab and others, 1980) is inferred to mark southern
extent of basaltic lower crustal rocks of the Yakutat terrane east of about 148° W
longitude; note that the extension of the anomaly for more than 100 km west of the
Kayak Island zone suggests that lower crustal rocks of the Yakutat terrane have been
subducted at least this far. Stars indicate epicenters of 1964 earthquake and two recent
large shocks in the northern Gulf of Alaska (Lahr and others, 1988). Plate motion vector
from Demets and others (1990). Location of schematic cross section in Figure 6 is
indicated by heavy solid line. PWS - Prince William Sound; FF - Fairweather fault.

2. Map of depth contours (heavy lines, in km) at top of mid-crustal layer with P-wave
velocity of 6.9 km/s. Contours were interpolated from seismic velocity structures derived
from deep reflection/refraction profiles of the Trans-Alaska Crustal Transect program (thin
solid lines) and from shallow marine seismic profiles of Bayer and others (1978; thin
dashed lines). Slope Magnetic Anomaly marks southern extent of basaltic lower crustal
rocks of the Yakutat terrane. A and A’ are endpoints of the vertical seismic reflection
profile shown in Figure 3. Star indicates epicenter of 1964 earthquake. Contours of
water depth are in meters.

3. Selected, well-recorded earthquakes located within 20 km of the section A-A’ along
the PWS line (Figure 2) are shown in relation to the vertical seismic reflection data. The
megathrust is inferred to coincide with the top of the reflective layer indicated by arrows.
Earthquakes occurred between July 1985 and May 1989 when the regional seismograph
network was augmented by several local stations. Hypocenters were determined using
a velocity model based on seismic refraction profiling. Event selection criteria include

having at least one recording station within 15 km epicentral distance.

Figure 4. Orientation of T-axes for higher-quality focal mechanisms of 779 earthquakes. Unit-
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Figure

Figure

length axes are projected onto horizontal (top) and vertical (bottom) planes, so that shorter
line segments correspond axes nearly perpendicular to the planes. Focal mechanisms
were determined using initial P-wave polarites and a modified version of the computer
program FPFIT (Reasenberg and Oppenheimer, 1985), and were selected on the basis of
having the 90% confidence regions for both the P- and T- axes cover less than 20% of
the focal sphere. Line B-B’ (top) shows the orientation of cross section (bottom), which
is approximately perpendicular to the downdip direction of the Wadati-Benioff seismic
zone in the subducting plate. CI - Cook Inlet, PWS - Prince William Sound.

5. Map showing the first five days of aftershocks from the 1964 Alaska earthquake
(modified from Algermissen and others, 1972; symbol key at lower right), and the
distribution of seismic moment release (large filled circles) during the mainshock
(modified from Kikuchi and Fukao, 1987); seismic moment is distributed over a
uniformly-spaced grid of points covering the rupture surface, and circle size is
proportional to the moment released at each point. Slope Magnetic Anomaly marks
southern extent of lower crustal rocks of Yakutat terrane. Note that near Prince William
Sound (PWS) the downdip width of the rupture zone inferred from the distribution of
aftershocks is at least 150 km, and that both the number of aftershocks and seismic
moment release decline sharply about 50 km west of Kayak Island.

6. Schematic west-east cross section near Kayak Island showing configuration of a
magnetic mass that may correspond to basaltic, lower crustal rock of the Yakutat terrane
(modified from Griscom and Sauer, 1990). This body is inferred to coincide with a
regional, mid-crustal layer that has a P-wave velocity of about 6.9 km/s and produces
strong arrivals on both seismic reflection and refraction profiles. The megathrust is
inferred to lie at the top of this layer. Note the upward ramping in the mid-crustal layer

near Kayak Island that is also evident in the contours of Figure 2.
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Regional Seismic Network Recording and Analysis Under Technological Change
Steve Malone
Geophysics Program, University of Washington
Seattle, WA 98195 U.S.A.

The basic goals of a regional (or national) seismic network have changed little over the years;
record and process seismic data for research, educational and public information uses. Recent techno-
logical improvements mean that these goals can be met using more and higher quality data and more
quickly. The challenge to the network operator is to take advantage of new technology where it is cost
effective without getting bogged down in development and implementation projects. How this is done
is dependent on the size and purpose of the network. Seismic networks can be broken down roughly by
area covered and number of stations into four categories (Table 1). In each of these categories recent
technological changes are effecting the quantity and quality of seismic data gathered and the processing
and analysis of those data.

TABLE 1. SEISMIC NETWORKS (Examples)
International Networks
IRIS GSN - Global
MedNet - Southern Europe, northern Africa
POISIDON - Japan, eastern Pacific
ORFEUS - Europe
ISC - International coordination
National Networks
US National Seismic Network
JMA National Network
Canadian National Seismic Network
Regional Networks (25-500 stations)
USGS (CalNet, Hawaii, Southern Great Basin ...)
Other Federal agencies (DOE, USBR..)
University run (Washington, Utah, Nevada, Alaska....)
State run (CDMG in California..)
Local Networks (<25 stations)
University run (VPI, Boston College, MIT,....)
State run (Idaho, Kansas....
Private run (Usually near major power plants or dams)

Recent technology changes effecting seismic networks fall into three general categories:
1. New broad-band sensors and high resolution data loggers.

2.  Rapid evolution of computer size and speed.

3. Local and wide-area computer network standardization and proliferation.

Improvements in sensor and data-logger technologies have largely effected the international and
national networks, though even for most of these networks 20 year old technology is the backbone of
the systems. Recent computer innovations and low prices have primarily effected the regional and local
networks such that virtually all such networks are recorded digitally even if the telemetry from station
to recording computer is still analog. Recent improvements in wide-area digital communications is just
starting to make an impact on seismic networks. Two examples are the satellite telemetry used by the
US National Seismic Network and the distributed GOPHER system of the IRIS GSN rapid data
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retrieval system. An example of the integration of this latter system in a conventional regional network
is currently taking place at the University of Washington which operates the Washington Regional
Seismograph Network (WRSN).

The WRSN is a typical medivm to large sized US seismic network largely made up of field
equipment from the 1960s and 1970s and recording technology of the early 1980s. Most seismic data
is telemetered via telephone, microwave, or radio voice grade circuits in analog form from single com-
ponent field sites to the central recording site in Seattle (Figure 1). Here it is digitized at 100 samples
per second per channel and processed automatically for event detection and preliminary location param-
eters. Routine manual analyses of these data are done using computer graphics displays within a few
days of recording to determine location, size, and focal mechanism parameters for each detected earth-
quake. Reduced data and earthquake catalogs are provided immediately to other researchers and the
public through a variety of means including electronic mail, FAXes and a computer bulletin board.

With the recent availability of high quality sensors and data-loggers the challenge is to rapidly
integrate data from these new instruments with the older analog telemetry data. This is done easily by
using the GOPHER dial-up system developed for the IRIS GSN (Figure 2). This system, as it runs at
the IRIS Data Management Center (DMC), takes as input preliminary location information about
world-wide earthquakes from the USGS National Earthquake Information Center (NEIC). P-wave
arrival times for an earthquake are computed for each of the GSN stations around the world with dial-
up capability. GOPHER then "goes for" the data by telephoning each station and down-loading
selected time wave-form segments to the main DMC machine. The actual telephone calls are placed by
several different computers around the world interconnected by the InterNet, a global computer network
using a standardized, non-proprietary protocol (Figure 3). Data for each event is kept in a simple and
popular format (SAC) at the IRIS DMC (and other data centers) and a menu driven user interface is
provided on an open login account so anyone can access the data.

One of the IRIS remote GOPHER machines is located at the University of Washington, on the
same local computer network as the machines used to record and process data from the WRSN. This
local GOPHER receives requests from the IRIS DMC to dial-up US GSN stations and retrieved data for
earthquakes of international interest; however, it also receives requests from a WRSN computer to
retrieve data for events of local interest from both GSN stations and similar stations operated as part of
the WRSN. A few modern high-quality stations are being added to the WRSN to improved the data
quality for local earthquakes. Because continuous telemtry of three-component high-dynamic range
data is not cost effective data from these stations are recovered using dial-up telephone calls by the
GOPHER system only for events detected by the conventional analog regional network.

Several other regional seismic networks, including two in California, and one in Japan are using
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